Abstract: The effect of long-term (20 yr) fertilizer application on soil nitrogen (N) transformation in paddy soils was studied at three sites (Xinhua, Ningxiang, and Taojiang) in Hunan province, China. Four fertilization practices were chosen: chemical fertilizers (NPK), chemical fertilizers plus a medium or high amount of pig manure (MM + NPK), chemical fertilizers plus a high amount of pig manure (HM + NPK), and chemical fertilizers plus straw incorporated (Str. + NPK). A treatment with no fertilization was included as a control (CK). Ten week aerobic incubations were conducted to determine N potential mineralization and nitrification. Application of organic plus chemical fertilizer increased soil organic carbon, total nitrogen, and microbial biomass carbon (C mic ) and nitrogen (N mic ), whereas the response of C mic /N mic ratio to fertilizer application varied among sites. Across all sites, the HM + NPK treatments had the highest potentially mineralizable N and maximal nitrification rate, and the CK had the lowest. The MM + NPK, Str. + NPK, and NPK treatments had lesser effects on mineralizable N and nitrification. Results indicated that chemical fertilizer along with a high rate of manure application is an effective method to improve available soil N by increasing the N mineralization rate. However, higher N nitrification was also induced by manure application, which may lead to increased N losses, and also should be considered in practical applications.
Introduction
Appropriate fertilizer application practices are required to improve the soil fertility and crop production while minimizing nitrogen (N) losses. Most N assimilated by plants is derived from inorganic-N pools (mainly NH 4 + and NO 3 − ). Thus, the rate of organic-N decomposed and mineralized to inorganic-N is a key factor controlling the N supply for crops (Zhang et al. 2015) . Fertilizer application practices have a cumulative effect on mineralizable N, and the long-term effect of these practices may be positive or negative (Kolberg et al. 1999; Cheng et al. 2016) . In a long-term field experiment, soils treated with urea-N mineralized more N than unfertilized soils, and the rate N was mineralized increased with N applications rates up to 315 kg N ha −1 (Yan et al. 2006) . Other work, however, indicated greater net N mineralization from unfertilized soil compared with soil fertilized with urea (Carpenter-Boggs et al. 2000) . These different results are probably due to interactions among soil physical properties, soil pH, moisture, temperature, and the soil food web (Wang et al. 2001; Rovira and Vallejo 2002; Khalil et al. 2005; Whalen et al. 2013; Jalali et al. 2014 ). In addition, N mineralization is also influenced by the fertilizer type (such as chemical or organic fertilizer). Using a 15 N tracing model, it was shown that mineral fertilizer enhanced mineralization of recalcitrant organic N, whereas the application of organic fertilizers stimulated the mineralization of labile organic N in the soil (Zhang et al. 2012) .
The oxidation of NH 4 + to hydroxylamine (NH 2 OH) and nitrite (NO 2 − ) occurs inside ammonia oxidizer cells. The ammonia oxidizers release the NO 2 − and then nitrifiers oxidize the NO 2 − to NO 3 − (Whalen 2014) . In general, this process of ammonia oxidation and nitrification is referred to as nitrification. The previous researchers observed that urea application stimulates the nitrification process, with increasing chances of N loss via leaching of NO 3 − and (or) gaseous N emissions (N 2 O), which reduces N-use efficiency in agricultural systems (Bouwman et al. 2002; Zhang et al. 2015) . Therefore, it is necessary to understand the effects of different fertilization practices on N mineralization and nitrification, so that management practices can be developed to maximize recovery of fertilizer N. Hunan is one of the major provinces in China that is capable of ∼4000 ha of rice cultivation using a double rice cropping system. For many centuries, farmers in this region have used farm manure and crop residue to maintain or improve soil fertility. However, this traditional management practice shifted in the 1980s due to the increasing affordability of chemical fertilizers; more chemical and less organic fertilizers are being now used in this area. To assess the shift in fertilization practices, a long-term experiment was established in this region in 1986. Our objective was to quantify mineralizable N, nitrification, and soil microbial biomass after 20 yr of contrasting fertilizer management practices at three sites in the Hunan province of China.
Materials and Methods

Long-term experiment description
The long-term fertilizer experiment was established in 1986 in three counties: Xinhua (27°56′N, 114°42′E), Ningxiang (28°07′N, 112°18′E), and Taojiang (28°28′N, 111°54′E) of Hunan province, China. All three experimental sites are characterized by a typical subtropical monsoon climate. The mean annual rainfall is 1200-1700 mm, and the mean annual temperature is 17°C. The primary soil properties at the initiation of the experiment in 1986 are given in Table 1 .
Although the basic soil properties were slightly different at each site, the same treatments were established in a rice-rice-fallow rotation as follows: (1) no fertilizer control (CK); (2) chemical NPK fertilizer (NPK) -application rate shown in Table 1 ; (3) NPK fertilizer along with medium rate of manure (MM + NPK) -total N application as in treatment 2 but 30% N applied as manure; (4) NPK fertilizer along with a high rate of manure (HM + NPK) -total N application as in treatment 2 but 60% of N applied as manure; and (5) NPK fertilizer along with rice straw (Str. + NPK) -total N application as in treatment 2 but mostly contributed by rice straw. Urea was the chemical N fertilizer used, and pig manure or straw was the primary organic N source. As expected, C and N concentrations in the manure were quite variable, and consequently, the application rate of manure was changed annually after the determination of C and N concentrations. For the Str. + NPK treatment, all the straw was returned to the soil after a late rice harvest, then the additional chemical fertilizer was applied to make the total input of N consistent with the NPK treatment at each site. Each 67 m 2 treatment plot was randomly arranged. Like many other long-term fertilizer experiments in China, there is no replication due to the limited availability of experimental land. However, this is may be partly compensated for by the relatively large size of the plots (Glendining et al. 1996) . The water management for rice was continuously flooded, but fields were drained before harvesting as well as 1-2 draining and flooding cycles implemented at a late tillering stage.
Soil sampling and analysis
Soil samples were collected in 2005 after a late rice harvest, before fertilizer application for the next season. Ten soil cores were collected from the top 20 cm with soil drill and were mixed to make a composite sample. Each composite soil sample was divided into two subsamples; one was air-dried for the determination of chemical properties, and the other was sieved (2 mm mesh) and adjusted to 40% water holding capacity, pre-incubated at 25°C for 10 d, and then used to determine the soil microbial biomass C (C mic ) and microbial biomass N (N mic ).
Soil total N (TN) was determined by the Kjeldahl method; soil organic carbon (OC) was determined by dichromate oxidation-titration method, and soil pH (1:2.5 soil:water ratio) was measured using electric pH meter (Bao 2000) . Soil microbial biomass C (C mic ) and microbial biomass N (N mic ) were determined by chloroform fumigation direct extraction (Brookes et al. 1985; Vance et al. 1987) .
To determine N mineralization, aerobic incubations were conducted using the method described by Bremner (1965) . In brief, 10 g of dry soil from each treatment was placed in a 100 mL PVC jar and arranged in a completely randomized design with three replicates of each treatment from each site, for a total of 135 experimental units to be destructively sampled. Then, distilled water was added to achieve 65% soil water holding capacity. The jars were then covered by thick plastic film containing 50 pinholes and placed in an incubator at 28°C in the dark. Soil moisture was maintained by weighing the jar every 3 d and adding distilled water as needed throughout the incubation. During the incubation, destructive sampling occurred at 0, 1, 2, 3, 4, 5, 6, 8, and 10 wk, and soils were extracted with 1 mol L −1 KCl solution (Shaaban et al. 2015) . After 1 h of shaking at 20°C and filtering, NH 4 + -N and NO 3 − -N concentrations in the extracts were measured with a continuous-flow auto-analyzer (SKALAR, San Plus System, the Netherlands). The difference between inorganic N concentrations after and before incubation was calculated as net N mineralization. Nitrification potentials were quantified using the method described by Kandeler (1995) . Dry soil (10 g) was placed in a 100 mL PVC jar, and (NH 4 ) 2 SO 4 solution was mixed into the soil as 200 mg N kg −1 dry soil. Distilled water was added to achieve 65% water holding capacity. Then, the jars were prepared and incubated as described above, except soils were only analyzed for NO 3 − -N. The difference between NO 3 − -N concentrations after and before incubation was calculated as net N nitrification.
Statistical analysis
To estimate the potentially mineralizable N, the following equation was used (Stanford and Smith 1972) :
where N t is the cumulative N mineralized during time (t), t is time (weeks), N 0 is the potentially mineralizable N, and k is the mineralization rate constant (weeks).
To express the accumulation of NO 3 − -N with time (t) quantitatively, equation (2) was used (Hadas et al. 1986) :
where a and (NO 3 − ) 0 are NO 3 − the asymptotic and initial values of NO 3 − , respectively, k is the rate constant, and t 0 is the initial time. According to Sabey et al. (1959) , the maximal rate (K max ) was calculated as follows:
The delay period (t') was calculated as
Statistical analyses were conducted using the SPSS 16.0 package (SPSS Inc., USA). Data were first tested for normality using Shapiro-Wilk's test. Analysis of variance was performed using the general linear model based on a randomized complete block design to evaluate the effect of each fertilizer application on soil OC, TN, microbial biomass, pH, N 0 , k, K max , and delay period for each site. When significant (P < 0.05) effects were observed, means were compared with a post hoc least significant difference test at P < 0.05. Using the combined data from all three experimental sites, principal component analysis and canonical correlation analysis were performed using the Canoco 4.0 software (Microcomputer Power, USA) to determine the relationships among soil N transformation properties, microbial biomass, and fertilizer application. 
Results and Discussion
Soil organic C and total N Soil organic C concentrations generally increased in most of the treatments (except for CK in Taojiang) as compared with the initial values measured in 1986 (average increase was 13%, 34%, and 21% in Xinhua, Ningxiang, and Taojiang, respectively) ( Tables 1 and 2) . Root exudates and crop residues likely contributed to increased soil organic C (Kundu et al. 2002) , which also occurred in the unfertilized plots. The total N concentration was not significantly different between fertilization with NPK and the CK at Xinhua or Ningxiang, whereas chemical fertilizer plus manure or straw application resulted in significantly greater total N concentration in all three experiment sites, even though the total N input was consistent across fertilization practices at each site. Most nutrients applied by chemical fertilizers are in soluble form and immediately available for plants, but NO 3 − may be easily lost from soils by leaching or denitrification. The organic fraction of organic residues releases N which contributes to the residual pool of soil inorganic N (Chen 2006 ). Higher C and N concentrations in manure or straw-added plots might have been due to slower breakdown rates (lower but constant mineralization rates) (Liu et al. 2010) , or may simply be a linear function of cumulative organic C and N applied ).
In addition, initial carbon mineralization of straw or manure often leads to N immobilization and thus decreases chemical fertilizer NO 3 − -N leaching (Kuzyakov and Xu 2013) . Thus, compared with chemical fertilizer, the application of organic matter, such as manure and straw, is critical for maintaining soil fertility in our long-term experiment.
Soil microbial biomass C and N Soil microbial biomass can act as a significant source or sink for soil nutrients and can potentially influence how much N is retained in soil organic matter (Brookes 2001; Templer et al. 2003) . The concentrations of C mic varied across sites and fertilization practices (276.1-1138.0 mg C kg −1 ) in decreasing order as follows: (Table 2) . Microbial biomass N showed similar response to fertilizer application, with lower values in CK and NPK treatments, and significantly higher values in manure and straw treatments. These results were consistent with the findings of Gu et al. (2009) , as they demonstrated that mixed application of chemical fertilizer with additional farmyard manure amendment increased soil microbial biomass in a calcareous purplish paddy soil. The readily metabolizable C and N in organic fertilizer, in addition to increasing root biomass and root exudates due to greater crop growth, are thought to be the most influential factors contributing to the increased microbial biomass (Kaur et al. 2008) . Manure showed more positive effects on soil microbial biomass than did straw application, which could derive from the more easily decomposable organic C content. This mechanism is supported by a previous study that showed that composted manure with high easily decomposable C concentrations led to greater C mic than a composted mixture of sawdust and rice husk (Chowdhury et al. 2000) . In addition, microbial biomass is often greater in soils with greater Note: Values followed by the same lowercase letters are not significantly different at P < 0.05 for the same sites among fertilization practices. OC, organic carbon; TN, total nitrogen; C mic , microbial biomass C; N mic , microbial biomass N.
a Treatments: CK, no fertilizer control; NPK, application of chemical NPK fertilizer; MM + NPK, NPK fertilizer along with medium rate of N (30%) applied as manure; HM + NPK, NPK fertilizer along with a high rate of N (60%) applied as manure; Str. + NPK, NPK fertilizer along with rice straw.
clay content due to the protective effect of clays on the microbial biomass (Hao et al. 2008; Thomas et al. 2016 ). This supports why the highest C mic and N mic concentrations occurred in the Ningxiang soil, which had the highest clay content among the three sites ( Table 2 ).
The C mic and N mic values, expressed as percentages of OC and TN, respectively, give an estimation of the relative proportion of soil organic C and N in the microbial biomass, which may be an indicator of substrate availability (Sparling 1992) . In the present study, the lowest ratios were found in NPK treatment or the control soils, and the highest in the soils amended with manure (Table 2) . Similar results have been widely reported in the previous studies (Kaur et al. 2005; Masto et al. 2006; Liu et al. 2010 ). Higher C mic /OC and N mic /TN ratios may indicate a greater mineralization potential in manure or straw plus chemical fertilizer plots, whereas lower ratios in CK may indicate a reduced potential for mineralization (Pascual et al. 1997) , and this view was confirmed in our results.
Our results showed that the C mic /N mic ratio was specific to both fertilization practice and site. There was a tendency for lower C mic /N mic in the NPK treatments than the CK at Ningxiang and Taojiang, but the NPK and CK were comparable in Xinhua. In addition, compared with NPK treatment, the application of manure plus chemical fertilizer increased the C mic /N mic ratio in Xinhua and Taojiang but decreased in Ningxiang. The differences in the C mic /N mic ratio among sites may imply that the relative proportion of fungi to bacteria is different at each site, because the mean C/N ratio of fungi is 15 versus 6 for bacteria (Hao et al. 2008) . However, the response and mechanism of C mic /N mic ratio induced by the fertilizer application are still unclear (Li et al. 2016) . Table 2 footnote for explanation of treatment abbreviations.
One previous study indicated a significantly higher C mic / N mic ratio in the conventional treatment (managed with chemical fertilizers) than the organic treatment (managed organically) at the first sampling time, but this ratio reversed during the second sampling time (Melero et al. 2006) . Another study indicated no significant difference on C mic /N mic ratio between different fertilizer treatments (Li et al. 2008 ). In our experiment, the different response of C mic /N mic ratio to fertilizer application may also be due to the different soil properties in each site, such as moisture content, texture, and pH (Moore et al. 2000) . However, further study is needed to confirm this hypothesis.
Soil N mineralization and nitrification
The cumulative N mineralized increased linearly for 2 wk and then decreased thereafter (Fig. 1A) . Long-term fertilization practices increased N 0 , which decreased in the order HM + NPK > MM + NPK, Str. + NPK > NPK > CK (Table 3 ). The k value in different sites was inconsistent such that long-term fertilization decreased k in Xinhua site but increased k in Ningxiang and Taojiang. Overall, HM + NPK treatment showed the highest k value in all fertilized treatments, which implies the shortest half-life of N 0 depletion. This finding is in agreement with those of many other studies (Gurlevik et al. 2004; Zaman et al. 2004; De-Zhi et al. 2006; Sharifi et al. 2007 Sharifi et al. , 2014 . Higher N mineralization in organic materialtreated soils has been shown to be due to the higher availability of organic N, organic C, and higher enzyme activities (Zaman et al. 2004; Sharifi et al. 2014 ). However, the recalcitrant organic fractions in organic materials might slow N mineralization over time, contributing to the formation of stabilized organic matter (Khalil et al. 2005 ). Thus, increased N 0 in manure treatments may be attributed to the higher amounts of total N (∼1.5%), lower C/N ratios (∼24), and lower lignin content (∼5%) in manure. In contrast, more recalcitrant straw (total N content ∼0.8%, C/N ratios ∼64, lignin content ∼10%) application showed relatively lower N mineralization.
Nitrification, the general term for the biological conversion of NH 4 + to NO 3 − , is a key process in the N cycle, influencing N losses through the production of the highly mobile NO 3 − (Qian and Cai 2007) . In this study, potential nitrification was significantly influenced by fertilization practices. The NO 3 − -N concentration sharply increased during the first 5 wk and slowed thereafter (Fig. 1B) . In general, nitrification was most rapid in the HM + NPK treatment with a maximal rate (K max ) of 38.19-61.27 mg NO 3 − -N kg −1 wk −1 and a delay period t' of 0.69-2.01 wk, whereas NPK treatment and CK showed a slower nitrification rate except for NPK treatment in Taojiang (Table 3) . At least two studies have shown that using organic amendments without additional fertilizer can result in decreased nitrification potential (Fortuna et al. 2003; Chu et al. 2007 ). Fortuna et al. (2003) found that compost applications without additional fertilizer decreased nitrification potential, potentially due to increased immobilization stimulated by low-quality compost (e.g., high C:N ratio). Chu et al. (2007) found that that mineral N fertilizer resulted in higher nitrification potentials and higher accumulation of NO 3 − -N in the soil Table 2 footnote for explanation of treatment abbreviations.
than organic manure, under the same application rate of N. However, a study similar to ours found that combined manure and fertilizer applications significantly increased the nitrification potential in a red acidic soil (Li et al. 2000) . Compounds in cattle manure, such as organic acids with carboxyl and phenolic hydroxyl groups, have an important role in buffering soil acidity and increasing the pH of acidic soils amended with manure (Whalen et al. 2000) . Manure may therefore have a neutralizing effect on acidic soils (Table 2) , and increased nitrification in these soils may be due to increasing soil pH (Zebarth et al. 2015) .
The relationships between soil N transformation and fertilizer application
The principal component analysis diagram of the relationship between soil N transformation and fertilizer application was similar in all three experimental sites (Figs. 2A, 2B, 2C ), such that HM + NPK treatment showed strong positive relationships with N 0 and K max , MM + NPK, and Str. + NPK showed moderate positive relationships with N 0 , NPK showed a moderate negative relationships with N 0 , whereas CK showed strong negative relationships with N 0 and K max . It is worth noting that our experiment was conducted at three different sites, where different soils and environmental conditions lead to site-specific responses of microbial biomass to fertilizer application. However, in general, manure or straw plus chemical fertilizer resulted in a higher N mineralization and nitrification potential. This result was consistent with earlier studies (Zaman et al. 1999a (Zaman et al. , 1999b , which may imply N transformation was affected more by the fertilizer application, instead of soil properties in this study.
Using the combined data from all three experimental sites, a canonical correlation analysis was performed to Fig. 2 . The relationships between soil N transformation and fertilizer application in (A) Xinhua, (B) Ningxiang, and (C) Taojiang, respectively, and (D) the relationships between soil N transformation and microbial biomass combined using data from all three experiment sites. See Table 2 footnote for explanation of treatment abbreviations. assess the relationships between soil N transformation properties and microbial biomass (Fig. 2D) . None of the measured property significantly influenced N 0 ; however, soil microbial biomass showed a negative relationships with K max . These results were partly consistent with a previous study that showed that higher biomass and metabolic state of the microorganisms were followed by high rates of mineralization, whereas the gross nitrification rates were negatively related with the biomass of microorganisms (Bengtsson et al. 2003) . Similarly, Zaman et al. (1999b) also indicated that gross N mineralization rate was positively correlated with the amount of microbial biomass in soils treated with dairy shed effluent and ammonium fertilizer. Other researchers, however, found no relationship between microbial biomass C and N or the ratio and N mineralization (Thomas et al. 2015) . It is important to note that our data were collected from three experimental sites, with a single sampling time. The different soil properties and insufficient sampling time may obscure the relationships between soil N transformation properties and microbial biomass, and further studies are recommended to explain this phenomenon.
Conclusions
Although the basic soil properties were slightly different in three studies sites, after 20 yr of contrasting fertilization practices, chemical fertilizer plus manure application led to the highest soil organic carbon, total nitrogen, and microbial biomass C and N concentrations. Principal component analysis indicated an enhanced N 0 and K max in HM + NPK treatment and a depressed N 0 and K max in CK, whereas MM + NPK, Str. + NPK, and NPK treatment showed lesser effects. Results indicated that application of manure or straw plus chemical fertilizer is an effective method to increase soil fertility, whereas increased N nitrification, which may cause N losses and environmental pollution potential, also should be considered in practical applications.
